Purpose: This study evaluated histologically the tissue responses to and the effects of a customized nano-hydroxyapatite (n-HA) block bone graft on periodontal regeneration in a one-wall periodontal-defect model. Methods: A customized block bone for filling in the standardized periodontal defect was fabricated from prefabricated n-HA powders and a polymeric sponge. Bilateral 4 × 4 × 5 mm (buccolingual width × mesiodistal width × depth), one-wall, critical-size intrabony periodontal defects were surgically created at the mandibular second and fourth premolars of five Beagle dogs. In each dog, one defect was filled with block-type HA and the other served as a sham-surgery control. The animals were sacrificed following an 8-week healing interval for clinical and histological evaluations. Results: Although the sites that received an n-HA block showed minimal bone formation, the n-HA block was maintained within the defect with its original hexahedral shape. In addition, only a limited inflammatory reaction was observed at sites that received an n-HA block, which might have been due to the high stability of the customized block bone. Conclusions: In the limitation of this study, customized n-HA block could provide a space for periodontal tissue engineering, with minimal inflammation.
INTRODUCTION
The basic concept underlying conventional periodontal regenerative treatment is to provide a space into which neighboring cells can grow [1] . To this end, various bone grafts have been applied to periodontal defects, with or without an occlusive membrane. Almost all of the previous studies have used particulated [2] or moldable [3] types of bone-graft materials for periodontal regeneration, due to the irregularity of periodontal-defect morphology. However, the ideal graft material remains elusive. Caton et al. [4] reported that a particulated bone graft alone in a periodontal defect resulted in a long junctional epithelium rather than periodontal new attachment.
The regeneration of periodontal tissues is rarely achieved because of the biological peculiarities of periodontal defects.
First of all, many kinds of resident bacteria can hinder the regenerative process [5, 6] , and poor initial sealing between the epithelium and the tooth makes it difficult to protect the wound site from the oral environment [1] . Finally, tooth mobility produced by the destruction of the periodontal support can destabilize the periodontal wound healing [7] . In this unstable situation, every bone-graft particle can be subjected to both the macro-and micromovement, so that the early healing process may be halted or be shifted in another direction. Previous studies in which the grafted materials were covered with a membrane to protect their stability found increased periodontal attachment formation [2, 8] .
Advances in computed tomography (CT) imaging and computer-aided design and manufacturing systems have yielded defect-driven customized block bone fabrication for various bone defects [9] [10] [11] . Thus, it is possible to construct and apply a block-type bone-graft material for irregular shape of the periodontal defects. Because of their interconnected skeletal structure, block-type bone-graft material would provide stronger mechanical stability than the particulated type. In addition, wound stability in the early healing phase may increase due to the accurate mechanical fit of the customized bone graft into the defect. However, only a few studies have investigated the use of block-type grafts within a periodontal defect.
The choice of appropriate material for a scaffold is the most important step of the tissue-engineering process, because the properties of the applied material may affect the other critical parameters of tissue engineering [12] . Hydroxyapatite (HA) is one of the most widely used graft biomaterials in both the research and clinical fields [13] [14] [15] . HA has a similar composition and structure to natural bone mineral [16] , and is known to chemically bond directly to bone when implanted [17, 18] . Although these features have led to HA receiving considerable attention as a scaffold for bone tissue engineering, its inconsistent cell reactions-which are dependent upon the surface properties-limit its clinical use in various situations of bone defect [16, 19] . To overcome these limitations, a newly developed HA made of nanoparticles was introduced and was reported to exhibit improved protein adsorption capacity [20] .
The aim of this study was to determine histologically the tissue responses to and the effects of a customized nano-hydroxyapatite (n-HA) block bone graft on periodontal regeneration, when applied within one-wall periodontal defects established in dogs.
MATERIALS AND METHODS

Animals
This study investigated five male beagle dogs (approximately 15 months old and weighing 9 to 13 kg) that had been bred exclusively for biomedical research purposes. The animal selection and management, surgical protocol, and preparation followed routines approved by the Institutional Animal Care and Use Committee, Yonsei Medical Center, Seoul, Korea.
Materials
Preparation of the nano-HA powder HA nanoparticles were prepared using the sol-gel process according to previously published methods [21] . In brief, Ca(NO3) 2 -4H 2 O (99%; Sigma-Aldrich Co., St. Louis, MO, USA) and (OC 2 H5)3P (97%; Sigma-Aldrich Co.) were used as precursors of the HA sol. The HA sol was prepared by the reaction between the two precursors at a stoichiometric Ca:P ratio of 1.67, and then dried at 950°C.
Preparation of porous n-HA blocks
Porous n-HA blocks were prepared using prefabricated n-HA powders and a polymeric sponge, according to previously published methods [22] . A reticulated polyurethane ester sponge (Regicell, Jehil Urethane Co., Asan, Korea) with dimensions of 7 × 7 × 9 mm was used in this experiment. This sponge has 500 three-dimensionally interconnected open pores per linear millimeter. First, n-HA slurry was prepared by dispersing the prepared n-HA powders into distilled water with organic additives such as binder, dispersant, and a drying chemical control additive. The second process was infiltration, in which the porous sponge was immersed into the n-HA slurry several times, followed by being rolling through Teflon twin rollers. The space was controlled to compress and shrink the sponge to 75% of its original thickness. Finally, heat treatment was applied up to 600°C for 2 hours in a Kanthal furnace in order to burn out the sponge entirely and to volatize the organic additives. The remaining HA was then sintered for 2 hours at various temperatures from 650 to 850°C. This entire procedure listed above was repeated twice to thicken the framework of the porous blocks. The finished blocks were trimmed to dimensions of 4 × 4 × 5 mm (so that they precisely fitted the periodontal defects) using a low-speed saw (Isomet, Buehler, Lake Bluff, IL, USA).
Surgical protocol
The surgical procedures, extractions, and experimental protocol were performed under general anesthesia induced with intravenous atropine (0.04 mg/kg; Kwangmyung Pharmaceutical, Seoul, Korea) and an intramuscular injection of a combination of xylazine (Rompun, Bayer Korea Ltd, Seoul, Korea) and ketamine (Ketara, Yuhan, Seoul, Korea), followed by inhalation anesthesia (Gerolan, JW Pharmaceutical, Seoul, Korea).
Routine dental infiltration anesthesia was used at the surgical sites.
An experienced surgeon performed all of the surgeries. First, the mandibular first and third premolars were surgically extracted prior to the experimental surgery. Experimental surgeries were performed following the 8-week healing interval ( Fig. 1 ). Buccal and lingual mucoperiosteal flaps were elevated to create bilateral, critical-size (4 × 4 × 5 mm, buccolingual width × mesiodistal width × depth), one-wall intrabony defects at the mesial aspect of the fourth mandibular premolar teeth [23] . Following root planing to remove the root cementum, a reference notch was made into the root surface at the base of each defect. Unilateral defect sites received a customized HA block, which just fitted the site to the level of the alveolar crest. Contralateral sites served as sham-surgery controls. The mucogingival flaps were then advanced, adapted, and sutured for primary-intention healing using horizontal and vertical mattress sutures (Monosyn 4/0, B. Braun Aesculap AG & Co KG, Tuttlingen, Germany). The animals were euthanized at 8 weeks after experiment using intravenous pentobarbital sodium (90 to 120 mg/kg). Block sections including the defect sites and the surrounding alveolar bone and mucosal tissues were collected.
Radiographic analysis using micro-CT images
Block sections were dissected and fixed in 10% neutral buffered formalin for 10 days. The fixed specimens were scanned using micro-CT (μCT; SkyScan 1072, SkyScan, Aartselaar, Belgium) at a resolution of 35 μm (100 kV and 100 μA). The scanned data were converted into digital imaging and communications in medicine format and the experimental area was reconstructed using On Demand 3D software (CyberMed Inc., Seoul, Korea). The overall topography of the defect sites with or without the HA graft was visualized in a three-dimensionally reconstructed image, which allowed the total grafted volume to be calculated.
Histological processing
The block specimens were rinsed in sterile saline and immersed in 10% neutral buffered formalin at a volume 10 times that of the block section for 10 days. Once rinsed in sterile water, the sections were decalcified in 5% formic acid for 14 days, trimmed, dehydrated in a graded ethanol series, and embedded in paraffin.
Step-serial sections, 5-µm thick, were cut in a mesial-distal vertical plane at approximately 80-µm intervals. One of the most central sections was stained with hematoxylin and eosin, and the other section was stained with Masson's trichrome.
Histologic and histometric analysis
One experienced masked examiner performed the histologic/histometric analysis using incandescent-and polarizedlight microscopy (Research System Microscope BX51, Olympus Co., Tokyo, Japan) and a PC-based image-analysis system (Image-Pro Plus, Media Cybernetics Inc., Silver Spring, MD, USA). The following linear measurements were made at a magnification of × 40:
1) Defect height : distance from the notch to the cementoenamel junction (CEJ); 2) Epithelial attachment: distance from CEJ to the apical extension of an epithelial attachment on the root surface; 3) Connective-tissue attachment : distance from the apical extension of the junctional epithelium to the coronal extension of cementum formation; 4) Cementum regeneration : distance from the base of the apical extension of root planing to the coronal extension of newly formed cementum or a cementum-like substance on the root surface; 5) Bone regeneration : distance from the base of the apical extension of root planing to the coronal extension of newly formed bone along the root surface; and 6) Mineralized tissue: distance from the base of the apical extension of root planing to the coronal extension of the mineralized tissue (residual n-HA block).
Statistical analysis
Summary statistics (mean± standard deviation values) based on animal means for the experimental treatments were calculated using the three central sections from each defect, with defects being averaged for each site. Unpaired t-test was used to compare control and experimental groups, with the level of statistical significance set at 5%.
RESULTS
Clinical and radiographic observations
All defect sites healed uneventfully with minimal signs of inflammation, except for one control site exhibiting gingival recession.
The radiographic evaluation revealed the formation of radiopaque mineralized tissue, with this being greater for sites that received an n-HA block than in the sham-surgery control. The appearance of mineralized tissue at a defect site differed from that of natural bone tissue, with aggregated small particles in contact with the native bone and the denuded root surface, and a few particles observed beyond the graft area (Fig. 2) .
Histologic observations
The HA block occupied all the spaces of the periodontal defect in all of the experimental sites, but there was minimal new bone formation around the grafted biomaterials (Fig. 3) . Control sites at the base of the defect showed slight bone formation along the root surface, whereas sites that received an n-HA block showed minimal bone formation into the grafted area. Almost all of the residual n-HA biomaterials were localized within the defect site, contacting the neighboring bone and the tooth via a layer of connective tissue. The upper surface of the HA block was covered with periosteum-like connective tissue, with no infiltration by inflammatory cells.
Multinuclear osteoclast-like cells were observed on the surface of almost all residual HA particles (Fig. 4) , indicating ongoing biodegradation. There were minimal infiltrations of A low-magnification view of the experimental site (A, × 40) shows well-maintained biomaterial (white asterisk) within the defect with connective-tissue ingrowth and minimal bone formation, whereas control site (B, × 40) shows slight linear bone growth and the collapse of soft tissues into the defect site. In the high magnification photomicrographs (C to F, × 100), thick cellular cementum (black asterisk) is observed at the notch area, and thin acellular cementum formation in the area remote from the base of the defect (arrow). inflammatory cells into the spaces around or within the grafted n-HA block. Most of the spaces within n-HA block grafts were filled with a loose connective-tissue matrix that contained large numbers of fibroblasts and a loose collagen fiber network. In addition, numerous newly formed vessels were observed around the particles. However, in some areas there were dense collagen fibers and fibroblasts arranged perpendicular to the surface of the HA particles. Newly formed cementum with inserting collagen fibrils was observed on the denuded root surface at all of the experimental and control sites (Fig. 3) . A thick, cellular, mixed-fiber, stratified cementum (CMSC) appeared to be contiguous with the native cementum at the base of the defect. Functionally oriented collagen fibers ran in a perpendicular direction and inserted into the outer surface of the newly formed cementum. In these area of experimental sites, collagen fibers originating from the space between the HA particles passed and were inserted perpendicularly or obliquely. However, newly formed cementum remote from the base of the defect constituted a thin and acellular extrinsic fiber cementum, with collagen fibers that were arranged obliquely and attached to the new cementum. The observed structures of the new attachments in this area did not differ significantly between the experimental and control specimens.
Histometric analysis and radiographic measurements on μCT
The results of the measurements are given in Table 1 . μCT measurements revealed that the amount of bone regeneration was 0.85 ± 0.67 and 2.27 ± 0.38 mm in the control and experimental groups, respectively. Radiographic analysis revealed that the bone regeneration was significantly greater in the HA block group than in the control group.
Histometric analysis revealed that the epithelial attachment was 1.40 ± 0.66 and 1.22 ± 0.40 mm in control and experimental groups, respectively; the corresponding values for nonspecific connective-tissue adhesion were 1.61± 1.33 and 0.87± 0.62 mm. Cementum regeneration was 2.46 ± 0.81 and 2.75 ± 0.38 mm in control and experimental groups, respectively, while bone regeneration was 1.31 ± 1.15 and 0.86 ± 0.67 mm. Mineralized tissue in experimental sites was measured linearly: 2.26 ± 0.26 mm from the base of the defect. None of the histometric parameters measured differed significantly between the two groups.
DISCUSSION
The aim of the present study was to evaluate a customized n-HA block graft as a scaffold for periodontal regeneration in the well-established one-wall periodontal defect model in beagle dogs. Limited new bone formation was observed within the defect sites that received an n-HA block, whereas sites that received sham control surgery showed slight bone regeneration (Fig. 3) , which was consistent with previous studies that employed this one-wall defect model showing new bone filling linearly up to the apical quarter of the defect that received sham surgery [23, 24] . The present result showed significantly increased bone regeneration in radiographic observations, however, limited bone regeneration could be found histologically. This might be caused by the radiopacity of the residual HA block, in spite of the minimal bone formation. The minimal bone formation at the experimental sites can be attributed to two factors: absence of a barrier membrane and the slow biodegradation process of an n-HA block. Previous studies found significantly more periodontal regeneration within the space protected by a barrier membrane than in the defects without a membrane, regardless of the bone graft materials [25, 26] . However, the present study was designed to focus on the maintenance of space and the biocompatibility as a scaffold for periodontal regeneration, and hence a membrane was not used as a barrier. While exclusionary features are known to be the most important requirements of the scaffold for making a protected space [1] , recent studies have tried using self-creating cells rather than relying neighboring cells to grow into the protected space [27] . Therefore, self-space maintenance and biocompatibility for cell attachment should be emphasized over the exclusionary features.
Our previous evaluation of tricalcium phosphate particle grafts using the same model identified extensive bone formation in areas with intact native tissues, despite there being no protection from a barrier membrane [24] . However, these areas showed little bone formation in the present study, with instead surface-bone resorption of the native tissue contacting biomaterials being evident (Fig. 4) . Such observations might result from the different biodegradation patterns of particulated and block-type biomaterials. Some previous studies [28, 29] found less biodegradation and bone formation with block bone grafts in lateral or calvarial defects. In calvarial defects that received particulated bone, new bone formation occurred on the surface of individual particles of biomaterials, and grew into the spaces between them over a longer healing period. However, less bone formation was observed at sites that received a block bone graft, starting from the surface of the grafted block bone and growing into the deeper area over a longer healing period [28] .
Despite limited bone formation, the specimens in the experimental groups showed osteoclast-like multinuclear cells and newly formed vessels above and around the residual biomaterials (Fig. 4) . These could represent an ongoing process of biodegradation, and alveolar bone formation could be expected within the graft site during a long-term observation period. However, the slow rate of the biodegradation process can prolong the period during which the newly formed tissues are too weak to resist periodontal pathogens. This has prompted many investigations into how to facilitate the regenerative potential [24, 30, 31] . Recent studies found that bone formation occurred from the core of HA blocks that were used in combination with cell transplantation directly into the block graft [21, 32] . In addition, many growth factors reportedly enhance bone regeneration within block-type biomaterials [28, 29, 33] .
Our grafted n-HA block remained almost unchanged within the defect, even though there was some shrinkage and surface remodeling. A grafted block with a hexahedral shape was observed radiographically and histologically (Figs. 2 and 3), whereas top of the residual biomaterials placed more apically than the initial height at the surgery (Figs. 1 and 2 ). There were no residual particles beyond the hexahedral shape of the graft site, especially in the area of supra-alveolar connective tissue (Fig. 3) . This differs from the results of a previous study using particulated bone graft for a periodontal regeneration, in which the scattered residual biomaterials that were observed within the connective tissue area appeared to be associated with extension of the junctional epithelium [24] . Although there was extensive alveolar bone formation in that study, the epithelial attachment extended significantly more apically, and the level of cementum formation was lower at sites that received a particulated bone graft than at the shamsurgery control sites [24] . These differences between the studies could be attributable to the mechanical stability of the block bone graft alone, and its mechanical fitness into the defect.
In a contained defect, a graft with particulated biomaterial can show successful bone regeneration [34, 35] . However, an uncontained defect cannot provide sufficient stability to the graft during the initial healing process. This can result in particulated biomaterials being scattered beyond the defect site during the postoperative swelling, with a foreign-body reaction possibly being induced around the biomaterials [36, 37] . One of the reasons for using a barrier membrane in a periodontal defect is to provide stability of the blood clot and grafted materials [38, 39] . In the present study we found that although the biodegradation process was retarded, sites that received an n-HA block showed aggregated biomaterials only within the defect, minimal inflammation, and limited apical extension of the epithelium (Fig. 3A) . Remarkably, new attachments formed between the maintained HA block and the denuded root surface. At the base of the defect, the new attachment included a thick CMSC and many fibers inserting into the newly formed cementum (Fig. 3D) . However, the cementum gradually thinned at the upper area of the defect (Fig. 3C) , comprised of mainly phase I/II (the early healing phase of Araujo's classification) cementum regeneration [40] . In addition, collagen fibers originating from the pore space of the grafted HA block ran into the newly formed cementum perpendicularly (Fig. 3D) .
Bartold et al. [1] suggested that wound stability and functional epithelial sealing in the early healing phase of periodontal regeneration affect the regenerative potential. However, many recent studies have found that grafted biomaterials delay the normal healing process. Because the block-type graft used in the present study was localized within the defect site, and separated from the upper side of the connective and epithelial tissues (Fig. 3A) , the presence of unhampered healing in the connective tissue and epithelium might have affected the new attachments formation at the experimental site.
In conclusion, the present study evaluated histologically the tissue responses to and the effects of a customized n-HA block bone graft on periodontal regeneration in a one-wall periodontal-defect model. Within the limitations of this study, the customized n-HA block was maintained with the original hexahedral shape within the defect site, and its stability in the defect might have been responsible for the minimal inflammation observed in the periodontal defects. Although these appear to be clear advantages of using a customized n-HA block as a scaffold for periodontal regeneration, further studies are needed to improve both the biodegradation and the alveolar bone tissue regeneration.
